Abstract In cryocrystallography, rapid sample cooling is generally deemed essential to prevent solvent crystallization and associated sample damage. We show that by carefully and completely removing all external solvent, many protein crystals can be successfully cooled to T = 100 K at only 0.1 K/s without additional penetrating cryoprotectants. Slow cooling provides an alternative when flash cooling fails, and enables diffraction studies of protein structure and function at all temperatures between T = 300 K and T = 100 K.
Introduction
Since the introduction of cryocrystallographic methods more than twenty years ago [15, 16, 39] , flash cooling followed by data collection at T = 100 K has become standard practice in protein structure determination [4, 11, 12, 25, 28] . Cooling crystals to liquid-nitrogen temperatures simplifies storage and transport, immobilizes the crystal during data collection and reduces radiation sensitivity [13, 20] .
However, the solvent within a crystal and the external solvent that clings to its surface can crystallize on cooling. Solvent crystallization produces sharp rings in the diffraction pattern, disorders the protein lattice and reduces the quality of the structural information that can be obtained [19, 22] . Penetrating cryoprotectants (e.g., glycerol) are added to protein crystallization solutions and soaked into crystals after growth to reduce the rate of ice formation, and non-penetrating cryoprotectants (e.g., oils) are used to remove external solvent. These steps complicate the search for optimal growth conditions and increase the time required to prepare each sample for measurement. Even when penetrating cryoprotectants successfully prevent ice formation, there may be temperature-dependent structural changes in the protein and in the crystal lattice due to changes in protein-solvent and protein-protein interactions and in solvent structure, and these may disorder the crystal on cooling.
Fast or slow cooling?
Most if not all properties of the protein (conformation, crystal packing), solvent (activity, pH, density, phase) and solutes (solubilities) vary with temperature. One can thus imagine two favorable limits for cooling protein crystals to T = 100 K. The first is to cool extremely rapidly, so that ice crystal nucleation cannot occur, solvent and solutes have no time to redistribute, and all but the fastest local protein conformation and lattice changes are frozen out. Thermal gradients within the sample and differential contraction of the protein lattice and solvent may still produce some cracking, mosaicity broadening and low-temperature disorder, but local order most relevant to B factors and resolution may be preserved.
A second favorable limit is to cool so slowly that the crystal and its constituents remain in quasi-equilibrium throughout [9] . In the absence of abrupt structural phase transitions, the internal solvent and solute concentrations, protein conformation and crystal packing may then evolve smoothly so as to minimize stresses [21] and to produce a well-ordered low-temperature state. Improved diffraction outcomes from large complexes have been obtained, for example, by precooling to 4°C [7] and slow cooling to -18°C [23] followed by flash cooling in liquid propane or nitrogen, consistent with this notion.
Fast cooling
Conventional cooling methods used in cryocrystallography give cooling rates of 10 2 -10 3 K/s, [32, 34] and cooling times to 100 K are typically several tenths of a second, in neither of the favorable limits described above. The cooling rate of a sample depends upon the sample's size, heat capacity and thermal conductivity, on the cooling medium's thermal properties (heat capacity, viscosity, thermal conductivity), and on the speed with which the sample is moved through the cooling medium [29] ; Kriminski, 2003) .
We previously showed that, for samples of the size typically used in protein crystallography, cooling rates during plunge cooling in liquid nitrogen are limited not by cooling in the liquid, but by cooling in the cold gas layer that forms above it [2, 35, 36] . By blowing this cold gas layer away, cooling rates can be dramatically increased. Measured rates of 20,000 K/s for 80 lm samples suggest that rates in excess of 100,000 K/s for 20 lm and smaller samples should be possible. These much larger cooling rates dramatically reduce cryoprotectant concentrations required to prevent ice formation in aqueous solutions. To vitrify a drop of a water-glycerol solution using conventional plunge cooling requires a glycerol concentration of at least 30% [2] , but this drops to 6% [35] when the cold gas layer is removed.
This ''hyperquenching'' method provides more reliable and consistent diffraction outcomes than conventional plunge cooling. Experiments on a dozen proteins (including current structural genomics targets) mounted without added penetrating cryoprotectants have yielded T = 100 K mosaicities comparable to or slightly better than the best previously reported values. This suggests that ice-free cooling of cryoprotectant-free crystals of most proteins (perhaps excluding those with the largest solvent channels) should be possible. This should allow crystallization screen compositions to be simplified and post-growth manipulations to be reduced.
Slow cooling
The slow cooling limit might also give favorable diffraction outcomes, but how can one avoid the lattice-destroying effects of ice crystallization? As shown in Fig. 1 , the time for ice to nucleate has a minimum near T = 200 K of 10 -5 s. Ice-free cooling of pure water thus requires cooling rates of *10 6 K/s. However, experiments on hydrated protein powders [30] show that proteins themselves are extremely effective cryoprotectants, especially at the very large concentrations found within protein crystals. Like cryoprotectants, they interact with water molecules in a way that inhibits their ability to form crystalline nuclei.
Motivated by this fact and by our success in fast-cooling so many proteins without penetrating cryoprotectants, we attempted to slowly cool crystals from room temperature to T = 100 K [37] . Crystals are dipped in a highly viscous oil to prevent dehydration, and then cooled from T = 295 K to T = 100 K in 33 minutes by programming the gas stream controller. The resulting cooling rate-0.1 K/s-is 10 3 -10 4 times smaller than in conventional flash cooling and *10 6 times smaller than in the hyperquenching protocol. Figure 2 shows diffraction patterns at selected temperatures obtained from a cubic urease crystal (4.9 9 10 6 Å 3 cell volume, 48% solvent content) during cooling at 0.1 K/s. The diffraction pattern shows no evidence of crystalline ice formation, and diffraction from the protein lattice does not change appreciably. Tetragonal thaumatin, cubic insulin, Fig. 1 The time required for significant (5%) ice formation in pure water as a function of temperature. Data at *240 K are from Wood and Walton [38] , at *200 K from Bartell and Huang [1] and Huang and Bartell [17] , at *140 K are from Hage et al. [14] , and the line from 110 to 140 K was estimated from Dowell and Rinfret [8] . The red dotted lines are guides to the eye suggesting an approximately exponential dependence of the transformation time on temperature both above and below the minimum at *200 K. The minimum ice formation time cannot be significantly less than *10 ls because pure water can be vitrified with cooling rates of *10 6 K/s [18, 24] Note that hexagonal ice forms at high temperatures (*240 K), whereas cubic ice forms at lower temperatures orthorhombic trypsin and tetragonal lysozyme crystals have also been successfully cooled at 0.1 K/s to T = 100 K. Table 1 shows that in most cases mosaicity increases on cooling, but for insulin the mosaicity remained at its room temperature value of 0.06°all the way down to T = 100 K.
For all five proteins, ice-ring-free diffraction was obtained without adding any penetrating cryoprotectants beyond the very modest amounts contained in the mother liquor (and indicated in Table 1 ). In all cases, crystalline protein appears to be much more effective than hydrated powders in suppressing ice nucleation at any temperature. This suggests that nucleation is additionally suppressed by confining the solvent to the regular nm-size channels of the crystal, consistent with studies in porous glass [27] .
The key to successful slow cooling of protein crystals is to carefully and completely remove all of the protein-poor solvent from the surface of the crystal. This solvent rapidly crystallizes on cooling, and may then seed ice growth within the protein crystal itself. External solvent can be removed by transferring the crystal between successive drops of oil. Solvent present at the crystal surface produces a large refractive index mismatch and strong reflections. When all solvent has been removed, the crystal becomes nearly invisible due to the close index match between oil and crystal.
Compared with flash cooling, slow cooling is more time consuming, requires somewhat more sample manipulation, and may be ill-suited to crystals with very large solvent channels or that undergo structural transitions at lower temperatures. Flash cooling thus seems likely to remain the method of choice for routine structure determinations.
However, as we found for insulin, slow cooling may in some cases give significantly better low-temperature mosaicity and diffraction. Edayathumangalam and Luger [10] flash cooled nucleosome crystals in liquid propane held at different temperatures and then collected diffraction data at T = 100 K. They found that a higher propane temperature (T = 153 K)-which gave a slower cooling rate-yielded the best T = 100 K diffraction.
Temperature-controlled crystallography
Studies of protein structure at different temperatures can in principle provide information about the protein's energy landscape, protein-solvent interactions and other properties relevant to a mechanistic understanding of protein function.
In one classic study, Rasmussen et al. [26] found that ribonuclease A deactivates below T * 220 K, and that this can not be explained by a change in the average atomic positions. The slope of the B-factor versus temperature shows a transition near 220 K, indicating a crossover from anharmonic to harmonic motions [33] . Anharmonic (liquid-like) motions were thus concluded to be essential for enzymatic activity.
As illustrated in Fig. 1 , in the temperature range between 180 and 220 K where these motions ''turn on'', water is most unstable to formation of cubic ice (on warming) or hexagonal ice (on cooling). As a result, most temperature-dependent diffraction studies including those of Rasmussen et al. [26] , Tilton et al. [33] (who use the same data) and Chong et al. [5] report no data in this temperature range. What little data that has been obtained in this temperature range has required the use of extremely high cryoprotectant concentrations (e.g., 50% methanol) or of molecules like crambin [31] and a B-DNA dodecamer [9] that have very small unit cells and very low solvent contents.
Our experiments on slow cooling show that temperature-controlled studies of protein structure and dynamics in the crystalline state are possible at any temperature between 300 and 100 K, and without the disruptive presence of crystalline ice or large cryoprotectant concentrations. Since protein crystals can be slowly cooled through any temperature between 300 and 100 K, they can be cooled to any temperature, and held there for data collection. This may prove particularly useful in kinetic crystallography, [3] , where temperature is used to control the progress of reactions within a crystal [6] .
As a first application of this approach, we have examined the temperature dependence of radiation damage. Crystals of lysozyme, trypsin and thaumatin were examined at temperatures of 300, 270, 240, 220, 210, 200, 190, 170, 150 and 100 K. At each temperature, approximately 100 frames of data, sufficient in most cases for a full structure determination, were collected in roughly 30 min. The crystals were either cooled as-grown, or after soaking to 40% glycerol. In no case and at no temperature were ice diffraction rings or significant cooling-related degradation of overall diffraction observed. The results of this study will be described elsewhere.
Conclusions
Two simple methods have been developed for ultra-fast and ultra-slow cooling of protein crystals. They provide cooling rates varying over six orders of magnitude, and control over an important variable affecting T = 100 K crystal order. These methods may prove most useful in solving the structure of ''high value targets'' when conventional cooling methods have failed.
We have also demonstrated that at least some protein crystals can be cooled to any temperature between T = 300 K and T = 100 K (including near T = 200 K) and then held long enough for a complete structural examination. The key is to carefully and completely remove all external solvent, and to rely on the excellent cryoprotective properties of the protein lattice itself to inhibit ice nucleation within it. The ability to cool at any rate and collect data at any temperature promises to provide detailed new insight into protein structure and dynamics.
